OBJECTIVES: It is known that patients surviving infective endocarditis have a poor long-term prognosis; however, few studies have addressed the long-term causes of death in patients surviving the initial hospitalization.
INTRODUCTION
Infective endocarditis (IE) is a lethal disease with an in-hospital mortality of approximately 20% [1] . IE patients have a lower survival rate when compared with age-and gender-matched patients from the background population [2] [3] [4] [5] . Patients undergoing heart valve surgery during IE hospitalization are reported to have a lower in-hospital death rate [6, 7] and a lower 1-year mortality when compared with patients undergoing medical therapy only [7] . The decision of operating patients with IE may depend on several factors resulting in substantial differences between patients receiving medical treatment only and surgical treatment. This knowledge might help guide clinicians in targeting secondary prevention strategies in a heterogeneous patient population. To increase the knowledge in the field of IE, we need data on long-term prognosis.
Key problems subsequent to the IE diagnosis are heart failure, recurrence of IE and stroke [8, 9] . However, little data exist on whether these clinical problems also are the cause of death among these patients. Heart failure and malignancy have been identified as the most frequent long-term causes of death in IE patients [2] . Conversely, most of the epidemiological studies addressing this area have been carried out as case series, single-centre studies or with regional data collection [2] [3] [4] 10] . Using the Danish Nationwide Administrative Registries, we examined long-term mortality rates and differences in causes of death in IE patients discharged while still alive and stratified in patients who received heart valve surgery and in patients who were treated with medical therapy only.
METHODS

Data sources
In Denmark, every resident is provided with a unique identification number. This makes possible to identify Danish citizens in a range of nationwide administrative registries. We used the following registries: the Danish Population Registry, the National Patient Registry, the Danish Prescription Registry and the Danish Cause of Death Registry. The Danish Population Registry holds information on date of birth, migration status and sex [11] . The National Patient Registry was initiated in 1977 and holds information on every patient admitted to a Danish hospital. A physician registers the diagnosis code of the disease for each admission according to the International Classification of Diseases (ICD)-8 until 1994 and the ICD-10 after 1994 [12] . The National Patient Registry was used to define the study population and baseline comorbidity [13] . Furthermore, since 1996, surgical procedures have been recorded in this registry according to the NOMESCO classification. Codes on treatment and medical examinations (including pacemaker implantation) were added to the National Patient Registry in 2000. The Danish Prescription Registry was established in 1994 and holds information on every prescription redeemed from all Danish pharmacies [14] . Prescriptions 6 months prior to the index date were used to assess baseline pharmacotherapy of the study population. The Anatomic Therapeutic Chemical Classification System is used to register the type of drug dispensed from the pharmacies. The Danish Cause of Death registry has been computerized since 1970. The primary and secondary causes of death are registered by the physician, thus the registry relies on the coding done by the individual physicians. The autopsy rate in Denmark is below 10%, and the automated classification of medical entities has been used since 2002 [15] .
Study population
Patients discharged alive after admission to a hospital with 1st time IE in the period from 1 January 1996 to 31 December 2014 were enrolled. We used the following ICD-8 and ICD-10 diagnosis codes to assess patients: 421, DI33, DI38 and DI39.8. In Denmark, all IE treatments are carried out in-hospital. Only patients with a hospitalization of >14 days were considered as having IE. The study population was categorized into (i) patients not undergoing heart valve surgery (medical therapy only) during IE hospital admission and (ii) patients undergoing heart valve surgery during IE hospital admission (for surgical procedure codes, see the Supplementary Material, Table S1 ). Patients undergoing valve surgery during follow-ups were assessed and analysed according to the treatment strategy (medical or medical + surgery) at the initial IE admission.
Outcome
The primary outcome was all-cause mortality. Danish death certificates provide opportunities for the physician to indicate multiple causes of death and the continuum of the fatal course based on the ICD-10 classification system. To assess cardiovascular (CV) death, the primary cause and secondary cause of death as recorded in the Cause of Death Registry were used (defined as ICD-10 codes of DI). If no CV death was registered as the primary cause or secondary cause of death, the primary cause of death was assessed to examine the non-CV cause of death. We categorized non-CV causes of death according to the disease groups of the ICD-10 classification system. Because IE patients are at high risk of heart failure, relapse and recurrence of IE and stroke in the course following the primary IE [7, 16, 17] , we examined heart failure, IE and stroke as specific prespecified causes of death for the 2 groups. To do so, we used the primary and secondary causes of death.
Statistical analysis
Patients discharged alive were included on the day of discharge and were followed up until the end of the study period, death or emigration, whichever came first. Categorical variables are presented in counts and percentages, and continuously variables are presented with a median and 25 and 75 percentiles. The mortality rate for the 2 study groups were presented in a Kaplan-Meier plot. We used the log-rank test to test for difference between curves. Cumulative incidence plots considering competing risks of other death causes were used to illustrate differences in specific prespecified contributory causes of death (heart failure, IE and stroke), and the Fine and Gray test was used to test for differences between curves. The multivariable Cox proportional hazard analyses were used to examine the associated risk of dying from heart failure, IE or stroke among patients treated with surgery when compared with patients treated with medical therapy only. The following covariates were included in the multivariable models: age, calendar year, sex, cardiac implantable electronic device, cardiogenic shock, ischaemic heart disease, cerebrovascular disease, chronic obstructive lung disease, aortic stenosis, mitral regurgitation, renal disease, rheumatic disease, cancer, betablockade treatment, vitamin K-antagonist treatment, glucose lowering medication, corticosteroids and renin-angiotensin system inhibition. The proportional hazard assumption was tested, and when not fulfilled, follow-up time was split accordingly. The effect modification of sex on outcomes and age on outcomes were tested, as well as linearity of continuous variables. Results were presented with a hazard ratio (HR) and a 95% confidence interval (CI). A P-value <0.05 was considered statistically significant. All statistical analyses were performed using the SAS statistical software, version 9.4 (SAS Institute, Inc., Cary, NC, USA).
For purposes of sensitivity, we matched the 2 study groups with sex-and age-matched controls from the background population to investigate differences in mortality rates and causes of death from the background population. A maximum 1-year difference in age was accepted between the study patients and matched controls. The greedy match algorithm was used for matching [18] . As a sensitivity analysis, we applied ischaemic heart disease, heart failure, cerebrovascular disease, chronic obstructive lung disease and cancer as matching criteria for the background population to investigate differences in mortality in a more comparable matched background population.
In a landmark analysis, descriptive statistics was used to assess causes of death for patients surviving beyond 1 year of IE hospital discharge.
As a sensitivity analysis, in-hospital mortality rate was identified by the 2 study groups. Further, baseline characteristics between groups were compared 5 years after index date.
Ethics
Register-based studies do not require ethical approval in Denmark. This study was approved by the Danish Data Protection Agency.
RESULTS
We identified 5576 patients with IE who were discharged alive; 4220 (75.7%) patients were treated with medical therapy only, and 1356 (24.3%) patients were treated with surgery during the 1st time IE hospitalization (Fig. 1) . Baseline characteristics for the 2 study groups are presented in Table 1 , and it can be observed that patients treated with medical therapy only were older and had overall more comorbidities. The median follow-up was 3.1 years (25 and 75 percentiles: 1.0 and 7.0 years, respectively) in the medically treated group and 5.3 years (25 and 75 percentiles 1.0 and 7.0 years, respectively) in the surgery group.
During follow-up, heart valve surgery was observed in 10.4% of patients treated with medicine only during hospitalization for IE and in 6.1% of patients in the IE surgery group. Within the 1st year of follow-up, 54.9% of patients treated with medical therapy only and 42.2% of patients who underwent surgery at IE admission had undergone heart valve surgery. Within the first 5 years of follow-up, these numbers were increased to 84.7% and 73.5% for patients treated with medical therapy only and patients who underwent surgery during IE admission, respectively.
Of the patients categorized as medically treated patients, 418 (9.9%) had a pacemaker vs 2.1% among patients categorized as surgically treated during IE admission.
Causes of death
Of the total study population, 2544 patients died and had a registered cause of death, see Fig. 1 [17 (0.7%) patients had no registered cause of death]: 2122 (50.3%) patients in the medically treated group and 422 (31.1%) patients in the surgery group. Throughout the study period, the mortality rate was higher in IE patients treated only with medicine in-hospital when compared with IE patients treated with surgery (Fig. 2) . Causes of death were similar between groups with CV disease as the most frequent cause of death followed by neoplasms for both study groups (Table 2) . Table 3 illustrates the specific prespecified causes of death (heart failure, IE and stroke) for both the study groups.
Patients undergoing surgery during follow-up
In patients undergoing surgery during follow-up [437 (10.4%) patients from the medically treated group and 83 (6.1%) patients from the surgery group], the mortality rate was 3.4% and 17.6% at 1-and 5-year follow-up, respectively, in patients treated with medical therapy only during admission, whereas this rate was 6.0% and 17.4% at 1-and 5-year follow-up, respectively, in the patients undergoing surgery (P = 0.62). At 1-year follow-up, CV disease was the most common cause of death (80.0%) followed by neoplasms (13.3%) and infection (6.7%) for the medically treated group (n = 15), whereas this was CV disease (80.0%) and neurological disorder (20.0%) for the surgery group (n = 5). At 5-year follow-up, CV disease was the most common cause of death (70.4%) followed by neoplasms (19.7%) and infection (2.8%) for the medically treated group (n = 71), whereas this was CV disease (78.6%) and other (neurological disorder, external causes, unknown, 21.4%) (n = 14) for the surgery group.
Landmark analysis
We identified 4725 patients surviving beyond 1 year after IE hospitalization: 73.1% of the patients treated with medical therapy only during IE admission and 26.9% had received surgery. With a total of 2 and 5 years of follow-up, the mortality rate was 9.9% and 33.7% in the medically treated patients, respectively, whereas this was 4.1% and 14.7% for the surgery group, respectively. The most frequent causes of death at 5-year follow-up were CV disease (50.5%), neoplasms (16.7%) and infection (5.7%) for the medically treated group, whereas this was CV disease (60.1%), neoplasms (15.5%) and infection (3.4%) for the surgery group.
Differences in specific prespecified contributory causes of death Figure 3 shows cumulative incidence plots for the specific prespecified causes of death (heart failure, IE and stroke) of the 2 study groups up to 10 years of follow-up. Patients undergoing surgery were associated with a lower risk of dying due to heart failure, HR = 0.67 (95% CI: 0.47-0.95), when compared with patients treated with medical therapy only (Fig. 4) . We found no difference in the associated risk of dying from IE, HR = 0.99 (95% CI: 0.70-1.40), with the medically treated group as reference (Fig. 4) . The proportional hazard assumption was not fulfilled for dying from stroke up to 10 years of follow-up. When considering stroke for the first 5 years of follow-up, patients undergoing surgery were associated with a lower risk of dying from stroke when compared with the medically treated patients, HR = 0.59 (95% CI: 0.37-0.96). In contrast, at the follow-up period of 5-10 years, the patients in the surgery group were associated with an increased risk of dying from stroke when compared with medically treated patients, HR = 2.05 (95% CI 1.13-3.71), Fig. 4 . Baseline characteristics are compared between study groups 5 years after index, and it is observed that the comorbidities of the groups become more similar during follow-up, see Supplementary Material, Table S3 . Age modified the associated risk of dying from heart failure, P = 0.04 for interaction. Age did not modify the associated risk of The mortality rates of patients who underwent medical therapy only during the hospital stay for infective endocarditis and patients who underwent heart valve surgery during the hospital stay for infective endocarditis are shown. P-value tests for difference between curves using the log-rank test.
CONVENTIONAL VALVE OPERATIONS
dying from IE and stroke, P = 0.06 and P = 0.1 for interaction, respectively. Sex did not modify the associated risk of dying from heart failure, IE and stroke, P = 0.97, P = 0.68 and P = 0.27 for interaction, respectively.
Sensitivity analysis: a comparison between background population and in-hospital mortality rate
Each study group was compared with sex-and age-matched controls from the background population (see Supplementary Material, Table S2 for baseline characteristics). Controls for the medically treated group had a mortality rate of 3.3%, 16.3% and 31.6% after 1, 5 and 10 years of follow-up, respectively (P < 0.0001 when compared with medically treated IE patients). Controls for the surgically treated group had a mortality rate of 1.7%, 8.3% and 18.6% at 1, 5 and 10 years of follow-up, respectively (P < 0.0001 when compared with surgically treated IE patients). The most common causes of death over the 10-year study period were CV diseases (40.3%), neoplasms (23.9%), respiratory disorders (6.2%) and other (29.6%) for the controls of the medically treated group, whereas for the controls of the surgically treated group, this was CV disease (35.6%), neoplasms (33.5%), respiratory disorders (6.4%) and other (24.5%). No major differences in the causes of death were observed when we conducted a sensitivity analysis with very strict matching criteria for the matched background population as shown in the Supplementary Material, Table S4a and b. When including patients who died during IE hospitalization, we identified a mortality rate of 23.4% among patients treated with medical therapy only and 12.6% among patients in the surgical group, see Supplementary Material, Table S5 .
DISCUSSION
This study investigated differences in long-term mortality and causes of death in surviving IE patients treated with medical therapy only and patients treated with surgery during IE admission. The study had 3 major findings. First, over a 10-year follow-up, 63.1% died in the medically treated group, whereas 41.6% died in the surgery group. Second, the most common cause of death was CV disease in both groups. For non-CV causes of death, neoplasms were the most common in both groups. Third, differences were found between groups when looking at specific prespecified causes of death (heart failure, IE and stroke) where patients from the surgery group had a lower associated risk of dying from heart failure and stroke when compared with patients in the medically treated group.
Several studies have shown differences in outcomes in patients undergoing medical therapy only and surgical treatment during IE admission [5-7, 19, 20] . Reasons for this difference are due to differences in patient characteristics and the severity of the IE case and less likely the intervention itself. Patients with valve destruction leading to heart failure, uncontrolled infection or large vegetations with high risk of emboli should undergo surgery if the patient has a low burden of comorbidity. On the other hand, patients treated with medical therapy only constitute a patient group with IE without the need for surgical treatment or a patient group with a need for surgical treatment where surgery is avoided due to a high burden of comorbidities. Hence, different approaches may be needed in the follow-up of IE survivors to secure patient care at a high level. Our study found no differences in the relative frequencies of the major causes of death between patients undergoing medical therapy only and patients undergoing surgery. This illustrates the need to address diseases known to be frequent causes of death in the background population in IE patients as well [21, 22] . Our study adds valuable knowledge to the clinical awareness of IE survivors. Furthermore, our results justify the close monitoring of patients surviving IE, which has also been suggested by other authors [4] . These findings are of considerable clinical interest as little attention has been given to IE survivors. To ensure the best prevention strategy, it is of importance to acknowledge the diseases that are the most frequent causes of death among these patients.
The differences in patient characteristics are reflected in the substantial differences in the mortality rate found in our study (61.3% vs 41.6% over a 10-year study period for the medically treated group and the surgery group, respectively). In line with the results of our study, several other studies have found an excess mortality in IE survivors when compared with sex-and age-matched controls [2, 4] ; however, up until now, it has been unknown as to which disease category is the most frequent cause of death.
A Dutch study investigating long-term follow-up in 191 patients with IE found a mortality rate of 41% after 10-year follow-up and found the major causes of death to be congestive heart failure and malignancy [2] . A German study identified a mortality rate of 42.8% after 12 years of follow-up in IE patients who underwent valve surgery where long-term cause of death primarily was of extracardiac origin [10] . The mortality rate identified in the German study is in line with our results (41.6%); however, our data show that the most common cause of death was a CV disease rather than an extracardiac origin. An explanation for this difference may be found in the different populations studied. Our study is strengthened by investigating a nationwide cohort with a large sample size where very few patients emigrated during follow-up. We found that patients undergoing surgery for IE were associated with a lower risk of dying from heart failure and stroke when compared with patients treated with medical therapy only. A more complex clinical picture with renal failure, sepsis and surgical contraindications in the medically treated group may be the reasons for these findings. Specific prespecified contributory causes of death. The cumulative incidence of cause of death from (A) heart failure, (B) infective endocarditis and (C) stroke for the 2 study groups. P-value tests for difference between curves using Gray's test. A large population-based study from Taiwan showed that IE survivors carried a significantly higher long-term risk of major adverse cardiac events when compared with matched controls from the background population [23] . These findings along with the results of our study show a need for increased clinical awareness and patient care in IE survivors.
Limitations
Our study has several limitations. First, our results are found in the Danish Cause of Death Registry where the cause of death is assessed by a single physician, and the autopsy rate is less than 10% [15] . Validation of such a registry is difficult; however, a validation study of the Danish Cause of Death registry identified a sensitivity of the myocardial infarction diagnosis at 92.8% [24] . Second, clinical characteristics during IE admission were not available. Important characteristics such as microbiological aetiology, echocardiographic findings and differentiation of left-or right-sided IE or prosthetic valve endocarditis would have given a more complete picture of the study population as it is known that Staphylococcus aureus IE is associated with worse outcomes [25] . Furthermore, data on antimicrobial therapy, antimicrobial resistance and duration of antimicrobial therapy were not accessible through the administrative registries. Third, in view of the long-term follow-up, time-dependent confounding factors may have influenced the results.
CONCLUSION
In conclusion, no major differences were found in the relative frequencies of CV and non-CV cause of death between patients treated with medical therapy only and patients treated with surgery. Patients undergoing surgical treatment for IE were associated with a lower risk of dying from heart failure and stroke when compared with patients treated medically only. No difference was found between surgically and medically treated patients in the associated risk of dying from IE subsequent to index hospitalization.
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